Electroweak boson (W, Z, γ) measurements in Pb+Pb collisions at √ s NN = 2.76 TeV and in p+Pb collisions at √ s NN = 5.02 TeV are presented with the ATLAS detector at the LHC. In Pb+Pb, electroweak boson yields are shown to be independent of centrality. Differential measurements in absolute pseudorapidity are used to investigate nuclear effects to the free-proton parton distribution function (PDF). The distributions lack the experimental precision to unambiguously identify the presence of nuclear modifications. In p+Pb, the Z boson cross section is measured as a function of center-of-mass rapidity y * Z and the momentum fraction of the lead-going parton (Bjorken x Pb ). The distributions are asymmetric and model predictions underestimate the data at large x Pb . The overall shape is best described by including nuclear effects. The differential cross section is also measured in different centrality classes and shows evidence of spatially-dependent nuclear PDFs. The Z boson production yields are measured as a function of the mean number of participants using Glauber and Glauber-Gribov color fluctuation models. Binary scaling of the yields is observed utilizing the standard Glauber model after applying a centrality-bias correction.
Introduction
Two major questions in high-energy nuclear physics are: how are free nucleon parton distribution functions (PDFs) modified in heavy-nuclear systems and do we understand the collision geometry and centrality in Pb+Pb and p+Pb collisions. These questions can be addressed by studying the production yields and kinematic properties of electroweak bosons (i.e. γ, W, Z). Electroweak (EW) bosons do not interact via the strong force and thus their yields are not expected to be affected by the presence of a quark-gluon plasma (QGP). This characteristic offers a means to test various models of the collision geometry. Furthermore, EW bosons are sensitive to modifications of the free nucleon PDF and thus may be used to detect the presence and extent of nuclear effects. The type of modification is two-fold: the trivial modification due to the different valence quark content of the proton and neutron (so-called isospin effects) and Bjorken-x dependent modifications that include shadowing, antishadowing, EMC-effect, and Fermi-motion. The EPS09 nuclear PDF set [1] incorporates these nuclear effects into their PDF calculations and also considers the possibility of spatially-dependent nuclear modifications. The following sections present EW boson analyses conducted in Pb+Pb collisions at √ s NN = 2.76 TeV and in p+Pb collisions at √ s NN = 5.02 TeV with the ATLAS detector [2] at the LHC.
Photons
Figures 1 and 2 show measurements used to study nuclear modifications of the PDF using photons in Pb+Pb collisions. These results are published in Ref. [3] . Figure 1 presents the ratios of the photon yields from the data in Pb+Pb collisions and from a next-toleading-order (NLO) pQCD prediction in pp collisions as a function of photon p T . These ratios are shown at central and forward rapidity intervals and are segmented into four different centrality classes. Also shown in Figure 1 are the ratios of the photon yields in simulated Pb+Pb collisions with and without EPS09 nuclear effects. Within the uncertainty of the measurement, the models without nuclear effects cannot be excluded. Figure 2 presents the forward-to-central ratio of the yields in the data and in simulated Pb+Pb collisions with and without EPS09 nuclear effects as a function of photon p T . These are also shown for four different centrality classes. The forward-to-central yield ratio is more sensitive to nuclear modifications since several systematic uncertainties are correlated in pseudorapidity and thus cancel in the ratio. However, the measurement lacks the precision to indicate the presence of nuclear modifications.
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W Boson
Figure 3 presents the W boson production yields per binary nucleon-nucleon collision ( N coll ) as a function of the mean number of participants ( N part ) in Pb+Pb collisions. The yields are obtained from both the electron and muon decay channels and are shown for each leptonic charge class:
+ , − , and ± . The W boson production yields are independent of the size of the overlap collision system and thus scale with N coll . Given that N coll is obtained in each centrality class using the standard Glauber formulism, this result suggests that the collision geometry can be sufficiently described using the standard Glauber model. As will be shown in the next section, this may not be the case in a p+Pb system. Figure 4 shows the lepton charge asymmetry as a function of lepton absolute pseudorapidity. This observable is sensitive to PDFs and so may also be sensitive to nuclear modifications. To test whether this is the case, predictions from CT10 with and without EPS09 nuclear corrections are provided. The data are consistent with both predictions. Therefore, without further constraining the models and reducing the experimental uncertainties, this measurement is unable to provide clear evidence of nuclear modifications to the PDF. A more detailed discussion of these results may be found in Ref. [4] .
Z Boson
Measurements of Z boson production in Pb+Pb collisions [5] validate the conclusions made from the W boson results and will not be discussed further. Rather, 2 . Models using the CT10 PDF set with and without EPS09 nuclear corrections and MSTW2008 are also shown. The data is asymmetric about the center-ofmass, and the models underestimate the data at backward rapidity. This implies that there is an enhancement at large x Pb = M Z e −y * Z / √ s NN (see Figure 6 ). Ignoring the scale, however, incorporation of nuclear effects (i.e. EPS09) best describes the shape of the data. Figure 7 presents Z boson yields per binary nucleonnucleon collision as a function of N part for three different geometric models. The Glauber-Gribov Color Fluctuation (GGCF) model considers event-by-event fluctuations in the nucleon-nucleon cross section, and the magnitude of these fluctuations is represented by ω σ . Also taken into account in this measurement is a centrality bias introduced by a correlation between a hard-scattering process and underlying-event activity [7] . Under the assumption that EW boson yields are centrality independent, the results show that with the centrality-bias correction, the standard Glauber model is a better description of the collision geometry. However, analagous measurements using inclusive charged particles in minimum bias collisions [8] have shown similar behavior to that seen in the Z boson measurements without applying a centrality bias correction. Thus, which As previously mentioned, EPS09 predicts a possible spatial dependence of the nuclear modifications. To investigate this empirically, Figure 8 presents the differential cross sections in three centrality classes. The bottom panel shows the yields in each centrality class with respect to those in the most peripheral class (R CP ). The R CP in the most central class shows a slight rapidity dependence with a slope of −0.11 ± 0.04, whereas the R CP in mid-central collisions is independent of Z boson rapidity. This result may be the first experimental hints of spatially-dependent nuclear effects.
Summary
Measurements of EW bosons were presented in Pb+Pb collisions at √ s NN = 2.76 TeV for photons and W bosons and in p+Pb collisions at √ s NN = 5.02 TeV for Z bosons. The results in Pb+Pb show that the collision geometry is understood with the standard Glauber formulation. However, better experimental precision and further constraints on the PDF sets are needed to support evidence of nuclear effects to the free-nucleon PDF. The cross section for Z bosons was also presented. The integrated cross section shows an enhancement at large x Pb relative to model predictions. The cross sections in different centrality classes show signs of spatial dependence of the nuclear PDF. The centralitydependent Z boson production yields were used to differentiate between the standard Glauber and GGCF models. Binary scaling in the yields was observed using standard Glauber, however which model is most valid is still under consideration. These results have shown the that EW bosons are valuable tools to study highenergy nuclear collisions. As more data are collected at higher energies, EW boson measurements may serve an increasing role in understanding the physics of heavynuclear systems. This research is supported by NSF under grant number PHY-1305037.
